Low-temperature cracking is one of the major pavement distresses in cold regions. To reduce the prevalence of such cracks, crumb rubber modified asphalt (CRMA) has been applied for a long time. However, CRMA experiences compatibility and segregation problems with asphalt. Silicone oil has long been seen to improve compatibility and segregation problems of polymers in asphalt, but its benefits on low temperature performance of crumb rubber asphalt have not been explored. Furthermore, silicone oil can be obtained as virgin or recycled from industrial transformers; however, the recycled silicone oil's influence on low-temperature crack performance of asphalt has also not been explored. erefore, the purpose of this study was to investigate the effect of recycled silicone oil (SO) on dispersion and low-temperature fracture performance of crumb rubber asphalt. e fracture mechanics-based single-edge notch beam (SENB) test was performed at temperatures of − 12°C, − 18°C, and − 24°C. In addition, fluorescence microscopy (FM), atomic force microscopy (AFM), and Fourier-transform infrared (FTIR) experiments were also conducted. Results show that the addition of SO to CRMA increases displacement, fracture energy, and fracture toughness at low temperature while it decreases stiffness which reduces cracking. In addition, AFM results show that surface roughness increases with the addition of SO which indicates that bonding of asphalt and rubber particles had also improved. FM also confirmed that dispersion of rubber particles had improved with addition of silicone oil. FTIR results revealed that asphalt samples with SO treatment were hydrophobic which potentially repels water ingress and delays the freezing of asphalt. Lastly, statistical analysis revealed that the influence of silicone oil on low-temperature performance of rubber asphalt was significant. erefore, the study concluded that fracture cracking resistance is improved by addition of silicone oil to crumb rubber asphalt.
Introduction
In cold regions, low-temperature cracking has been one of the major pavement distresses [1, 2] . Pavements often experience thermal contraction when temperatures drop to subzero. At low temperature, asphalt becomes brittle and the generated thermal stress is only relieved when the transverse crack is initiated.
is cracking gives rise to premature failure of the pavement and poor rideability [3] . To reduce this type of distress and maintenance costs, asphalt mixtures should be designed and built with materials that are able to sustain the stresses generated by both low-temperature conditions and vehicular loads.
Crumb rubber (CR), a waste material from vehicular tires, has been suggested as an asphalt modifier for pavement applications to improve low-temperature performance. For example, many researchers have studied the performance of the CR asphalt binder. Results in all respects have led to the conclusion that crumb rubber improves mechanical properties of asphalt binders, particularly low temperature performance.
is performance is attributed to several factors such as decrease in stiffness of rubber asphalt at low temperature due to improvement in aging susceptibility of the asphalt binder; low sensitivity of rubber to low temperature; and good elasticity properties [4] [5] [6] [7] [8] [9] [10] .
Despite the enhanced performance attributed to crumb rubber asphalt, CR as an asphalt modifier has a setback of compatibility and separation problems with asphalt binders. In quest to solve the problem of separation, the Federal Highway Administration (FHWA) in 1998 prepared a crumb rubber asphalt which was chemically modified. e prepared asphalt binders had increased separation resistance especially during hot storage when compared to conventional crumb rubber asphalt binders. is was achieved by modifying the crumb rubber with chemical additives which makes CR to mix and disperse well in asphalt matrix [11] .
Previous studies used virgin silicone oil to prepare chemical crumb rubber asphalt. Results suggested that silicone oil can improve both dispersion and mechanical properties of crumb rubber asphalt binders [12] .
Silicone oil whose important component is polydimethysiloxane (PDMS) has excellent thermal stability and high-and low-temperature properties which make it suitable as a compatibilizer of choice at low-temperature conditions. is polymetric material is mostly used as lubricants and coolants in electrical appliances such as industrial transformers. erefore, silicon oil can be cheaply purchased locally since it is discharged from these industrial transformers as waste oil, often reclaimed and regenerated through the industrial process to remove contaminants to make it suitable for use. To date, no studies exist on the use of silicone oil to improve low-temperature performance of crumb rubber asphalt, hence the motivation for this research.
Zhihao et al. [13] stated that most polymers such as steryne-butadieme-styrene (SBS), polyphosphate (PPA), polyethylene (PE), and vinyl acetate B-copolymer (EVA) have segregation problems when blended with asphalt. e author further noted that maleic anhydride and PPA often cause adverse effects on low-temperature performance when added to asphalt. erefore, polydimethysiloxane (PDMS), in particular dimethyl silicone oil, was suggested as an alternative material that can be used to solve the problem of segregation of polymers with asphalt at low-temperature conditions because of its excellent thermal stability, low-temperature performance effect, excellent flexibility, and weather resistance. Besides that, no studies were undertaken in that regard.
However, some scholars such as Li et al. [14] studied the performance of composite asphalt materials where they added dicumyl peroxide and silicone oil (used to enhance compatibilization) into high density polyethelene/crumb rubber modified (HDPE/CRM) composite mixed with ethylene propylene diene monomers (EPDM). It was found that silicone oil encapsulates the scrap rubber powder particles to form a soft, thick layer between CRM and the polymer matrix. is liquid layer in the polymer and filler could inhibit fracture phenomena (i.e., crack formation and propagation). Under this consideration, the encapsulation of silicone oil should have released the stress concentration around the CR powder particles and hence the mechanical properties are improved.
In the recent past, an investigation of coated polydimethysiloxane (PDMS) or room temperature vulcanised silicone rubber (RTV) with layered double hydroxides (LDHs) to produce superhydrophobicity (super-water repellent) coatings was applied to asphalt mixtures by Peng et al. [15] . e results suggest that the freezing time of asphalt mixtures with RTV/LDHs is extended by about 3 times when compared with asphalt mixtures without RTV/LDHs coatings.
Furthermore, other studies have demonstrated that silicones can be used in improving moisture and thermal aging resistance of asphalt mixtures because of their superior hydrophobicity and weather resistance properties [16, 17] .
On the other hand, it is worth noting that oil-based softening agents and rejuvenators have also been used to improve low-temperature cracking resistance. For instance, Zhang et al. [18] used bio-oil-based rejuvenator to improve the low-temperature performance of aged asphalt binder. e author found that biorejuvenator softened aged asphalt significantly decreased the rutting index at a temperature of 52°C to 76°C and restored low-temperature crack resistance.
Overall, extant literature has confirmed that no studies have been undertaken to investigate the influence of recycled silicone oil on low-temperature cracking performance of rubber asphalt. Hence, the research gap exists for further study.
Objectives and Scope
e purpose of this paper was to investigate the effect of silicone oil on dispersion and low-temperature fracture performance of crumb rubber-asphalt binders. e study is important as it contributes towards efforts of providing sustainable paving materials while improving asphalt performance yet even further. e asphalt binders were evaluated at low temperatures ranging from − 12 to 24°C. e specific objectives and scope of the research are summarised as follows:
(1) To evaluate the effect of silicone oil on crumb rubber asphalt's low-temperature fracture performance based on single-edge notch beam (SENB) test (2) To understand the morphology of crumb rubber modified asphalt samples based on fluorescence microscopy (FM) and atomic force microscopy (AFM) tests (3) To determine the molecular structure of silicone oil and crumb rubber modified asphalt samples based on Fourier-transform infrared (FTIR) test (4) To evaluate the effect of notch depth on low-temperature cracking of crumb rubber asphalt containing silicone oil based on the SENB test (5) To conduct statistical test on laboratory experimental results in order to determine the significance of the findings.
Materials
In this study, asphalt binder 60-80 penetration grade bitumen was used to prepare crumb rubber modified asphalt samples. Silicone oil was treated with crumb rubber asphalt to produce two replicates for one sample, while for another, crumb rubber asphalt without silicone oil was used to produce replicates for control experiment samples. Materials used in this research can be found in Tables 1-3 . e binders were tested without being subjected to short-or long-term aging. As an assumption, it was envisaged that aging of 2 Advances in Materials Science and Engineering asphalt was not going to significantly change the conclusions obtained from the study. In addition, the silicone oil and crumb rubber mesh #40 were used to prepare crumb rubber modified asphalt.
Experimental Test Methods

Preparation of Samples.
About 18 percent content of crumb rubber by weight was added to asphalt binder. One of the blends was reacted with recycled silicone oil during shearing, while the other was prepared as conventional crumb rubber asphalt binder without silicone oil. e crumb rubber was added slowly and followed by silicone oil (3% by weight of the binder), and the mixture was sheared for one hour at 175°C. After preparation, the binders were poured into the singleedge notch beam test moulds and cooled to 0°C and quickly taken from the moulds measuring 127 mm × 6.35 mm × 12.7 mm for length, width, and depth, respectively. e depth of the precrack was 2.8 mm. Both the precracked and the uncracked samples were used to facilitate the study of the effect of silicone oil on crumb rubber modified asphalt's performance on low-temperature cracking. Before testing, each specimen was conditioned in cold bath to testing temperatures − 12°C, 18°C, and − 24°C, respectively. To simplify the experiment, physical hardening both on unmodified asphalt and crumb rubber modified asphalt (with and without silicone oil) was tested after 1 hour of conditioning at respective temperatures.
Fourier-Transform Infrared (FTIR)
Test. FTIR can be used for identifying polymer additives in asphalt binder matrix. In addition, FTIR offers accurate data concerning oxygenation rate, aliphaticity, and aromaticity [19] . us, the FTIR spectroscopy was conducted using a Jasco FT-IR4200 spectrometer, with 32 numbers of scan and the resolution of 4 cm − 1 . To prepare the control and modified asphalt samples for the FTIR experiment, the conventional crumb rubber asphalt samples and the silicone-modified crumb rubber asphalt samples were heated to 180°C until liquid enough to be poured. With the aid of a brush, the liquefied asphalt binders were then painted onto the surface of a silicon slide to create a uniform asphalt coating of 0.5 mm approximate thickness.
Prepared samples were tested, and the concentration of the functional groups associated with silicone oil absorption in asphalt binder was deduced from the intensity of the absorption bands. Further, the structural functional index for aromatics was determined with a view of understanding the contribution of silicone to the aromatic content of asphalt binder.
Fluorescence Microscopy Test.
In order to study the morphology of CRMA, fluorescent microscopy (FM) was used by determining the rubber particles distribution in asphalt.
e FM test is premised on the principle that polymers undergo swelling owing to absorption of some of the key constituents of the base bitumen. Similarly, in this study, FM was used to study the morphology of CRMA with and without silicone oil treatment so as to observe the quality and particles dispersion in the binder. Samples were placed on glass slides and taken to the laboratory for testing with magnification of 100 μm.
Atomic Force Microscopy Analysis.
In this study, AFM was used to determine the surface roughness (Ra) of asphalt samples based on equation (1) . Furthermore, the morphological distribution of rubber particles in asphalt binder was evaluated. CRMA samples with and without silicone oil were prepared by pouring hot binder on the thin clean glass slides and allowing the binder to flow on the glass slide. Experiments were conducted at a temperature of 30°C. Both 3D height images as well as 2D phase images were obtained:
where Z i is the current height value and N is the number of points within the scan area.
Single-Edge Notch Beam (SENB) Testing.
A fracture mechanics-based SENB test was carried out on a three-point bending test apparatus that was placed on a bending beam rheometer (BBR) chamber mounted. e BBR water chamber was utilized solely for conditioning samples to required temperatures. e temperature inside the water chamber was controlled with water supply and held within 0.3°C from the desired value. A displacement rate of 0.01 mm was applied to break the sample at a rate that had previously been determined to be convenient. e justification for the choice of the SENB test was premised on the fact that good fracture parametric properties of asphalt materials are important in building longlasting asphalt pavements in cold regions [1] . Furthermore, although the BBR test has been seen to be sound in investigating low-temperature performance of unmodified binders, it is not quite so for modified binders [5] . Strategic Highway Research Program (SHRP) researchers recognized that a full fracture mechanics-based evaluation at appropriate temperatures and rates of loading should be done to evaluate a binder for fracture performance [20] . When field results of asphalt mixtures, in particular BBR-SENB test results, were compared with fracture properties, researchers concluded that the BBR test should be complimented with fracture tests [21] . e SENB test therefore offers results that correlates well with field experimentations and thus was used in this study.
Fracture Approach
e fracture approach is based on fracture mechanics theory and is used to estimate the resistance of the material to crack propagation [2] . In this theory, a preexisting crack or notch is punched in the specimen and used to reduce the effective strength of the material by amplifying the stress level near the crack. e parametric properties obtained with this theory are fracture energy (G f ) and fracture toughness (K Ic ). e single-edge notch test (SENB) test has been developed based on the theory of fracture mechanics and ASTM E 399 testing protocols [5] . is test assumes linear elastic fracture mechanics' conditions. Equations (2) and (3) were used for calculations of fracture toughness and fracture energy. A low fracture toughness value is an indication that materials are going through brittle fractures, while high values of fracture toughness are a sign of ductility improvement. A large deformation on the load-displacement curve and fracture energy is an indication of superior crack resistance of the asphalt binder. Fracture toughness was calculated according to the following equation [5] :
where K Ic � fracture toughness under plain-strain conditions (N/m 3/2 ), P f � applied failure load (N), S � load span (m), b � specimen thickness (m), W � specimen height (m), and a � notched depth (m) Force/load-displacement results were used to calculate a stiffness modulus assuming the beam was un-notched by using equation (3). Using the stiffness modulus, fracture energy was calculated from the fracture toughness. Poisson's ratio needed in the calculation was assumed to be equal to 0.5 (purely elastic materials). e values of fracture energy were obtained from the determined fracture toughness and the stiffness modulus, and Poisson's ratio was assumed to be 0.5 for the asphalt binder according to Hoare and Hesp [5] :
where G Ic = fracture energy or critical elastic energy release rate (J/m 2 ), E = Young's modulus (K Ic test (N/m 2 )), and v = Poisson's ratio.
Results and Discussion
Fourier-Transform Infrared (FTIR) Result Analysis.
Functional groups of silicone oil in crumb rubber asphalt were determined using the FTIR test. e analysis of infrared spectrum of various materials including silicone oil, base and crumb rubber asphalt, and crumb rubber asphalt modified with silicone oil is shown in Figure 1 . e study revealed that the peaks observed in the region of 2850-2960 cm − 1 are typically C-H stretching vibrations.
ose observed around 1400-1500 cm − 1 and 1300-1350 cm − 1 are C-H symmetric deforming vibrations. e peaks in the region within 1000-1100 cm − 1 are Si-O-Si bond vibrations. e Si-O bond in silicone oil forms the main chain that makes silicone oil to have high hydrophobicity and chemical durability which ensures that the silicone oil generally being able to be applied in the asphalt [17, 22] .
Comparing the infrared spectra of crumb rubber with and without silicone oil, it was observed that new absorption peaks exist in the infrared spectra of crumb rubber asphalt containing recycled silicone oil which were 2964 cm − 1 , 1258 cm − 1 , 1009 cm − 1 , and 788 cm − 1 , respectively. At 788 cm − 1 , the peaks correspond to Si-C bond. e identified absorption peaks represent polydimethysiloxane or silicone oil [23] . After adding silicone oil to crumb rubber asphalt, the peaks did not disappear in asphalt. is meant that the reaction between crumb rubber and silicone oil was chemical and not physical. All the new absorption peaks have corresponding peaks in silicone oil spectrum [24] .
Additionally, the aromatic index (C�C) was determined using the equation provided elsewhere [18] . Zhang used the aromatic index to determine the degree of restoration of aged binders by applying bio-oil-based rejuvenator to improve the low-temperature performance. It was found that bio-oil restores the aged asphalt and increases temperature susceptibility of asphalt, thereby enduring higher thermal stress caused by cooling. In our study, the aromatic index for asphalt binder was calculated to determine the content of aromatics in asphalt binder with and without silicone oil treatment. e results revealed that the aromatic index for crumb rubber asphalt with and without silicone oil was 1.0 and 0.6, respectively. is result gave rise to the conclusion that the addition of silicone oil to crumb rubber asphalt increases the aromatic content and indices significantly. According to Kanabar, highway pavements that do not experience the spate of thermal distress are built with asphalt cements that have high IR aromatic indices or have more aromatics [25] . In addition, the increase in aromatic content also decreases the dynamic modulus of the binder [18] . erefore, the high IR aromatic index found in this study suggests that low-temperature cracking performance can be improved with addition of silicone oil to asphalt binder.
Atomic Force Microscopy (AFM) Result Analysis.
To evaluate the morphology of asphalt samples, the AFM test was used. e AFM topographical images in Figure 2 gave rise to the following observations: the bee-like structures were CR particles in asphalt binder. Based on equation (1), the average roughness for crumb rubber asphalt without silicone oil was calculated as 0.37 nm, whereas average roughness for crumb rubber asphalt containing silicone oil was 1.29 nm, respectively. e increase in surface roughness of asphalt indicated that there was a change in the microstructure of the asphalt samples after addition of silicone oil. In our study, the increased surface roughness of crumb rubber asphalt with silicone oil indicates improved bonding between rubber particles and asphalt which may lead to continuous rubber particles dispersion in asphalt. Visual comparison of AFM images confirmed that the addition of silicone oil to crumb rubber asphalt greatly influenced the observed microstructure and showed a continuous homogeneity of rubber particles dispersion in asphalt. Conversely, AFM topographical images for CR asphalt sample without silicone oil revealed that rubber particle distribution was not homogeneous.
Fluorescence Microscopy (FM) Result Analysis.
e results of AFM were further confirmed by FM analysis. e influence of silicone oil on the dispersion of crumb rubber particles in asphalt binder was studied using the FM test which was conducted on two crumb rubber asphalt samples with and without silicone oil. From Figure 3 , results of FM images revealed that the crumb rubber modified binders with silicone oil showed uniformly dispersed rubber particles in asphalt. Conversely, images of dispersion for conventional crumb rubber asphalt without silicone oil showed noncontinuous bitumen matrix. Figure 4 shows that loaddisplacement curves, stiffness modulus, fracture toughness, and fracture energy values at three temperatures for the crumb rubber asphalt binders gave rise to the following observations. e results of load and displacement curve found that the addition of silicone oil to samples leads to increase in displacement. Asphalt binders having lower deflection at fracture perform very poorly in the field as regards the thermal cracking [4] . erefore, higher deflection values in our study indicate good low-temperature cracking resistance. In addition, the addition of silicone oil also increases stiffness modulus of the sample. High stiffness modulus asphalt mixes at low temperature are prone to cracking [6] . erefore, the lower stiffness modulus obtained in our study is an indication of improved lowtemperature performance of crumb rubber containing silicone oil.
Effect of Silicone Oil on Low-Temperature Performance of Crumb Rubber Asphalt Binder.
It is also worth noting that rubber asphalt with silicone oil did not break at − 12°C owing to its increased lowtemperature resistance. is result demonstrated the effect Advances in Materials Science and Engineering of silicone oil on low-temperature performance of crumb rubber asphalt binders having high fracture energy would perform very well in the field in terms of thermal cracking resistance. is was added to show that our findings agree with other researchers [2] . In our study, results have demonstrated that the addition of silicone oil to rubber asphalt increased the fracture energy; therefore, we found that the increase in fracture energy demonstrated that samples modified with silicone oil have superior crack resistance.
Fracture toughness is yet another critical parameter used in evaluating low temperature performance of asphalt binders in SENB test. Increased fracture toughness values at low temperatures such as -20°C in polymer modified asphalt mixtures imply that resistance to fracture has increased. Some polymers make asphalt less brittle at low temperatures, and therefore polymer modified asphalt (PMA) concretes are expected to become tougher than normal asphalt concrete at low temperatures. e improved tensile property allows greater resistance to material cracking [26] . Similarly, in our study, it has been established that adding 3% content of silicone oil to crumb rubber asphalt resulted in increased fracture toughness of the binder than binders without silicone oil.
is demonstrates that tensile property has improved, leading to greater low-temperature crack resistance.
Low-Temperature Performance Analysis of Crumb Rubber Asphalt considering Notched and Unnotched Conditions.
To investigate the effect of notch on low-temperature performance of crumb rubber asphalt, the samples with and without a notch were subjected to fracture testing after 1hour conditioning in cold bath. e study gave rise to the following observations. As seen in Figure 5 , the load-displacement curve results show an increase in stiffness modulus for unnotched samples of crumb rubber modified with silicone oil when compared with the unnotched samples. e preexisting crack renders the sample vulnerable to cracking; therefore, unnotched samples will most likely have delayed cracking than the notched samples.
Additionally, the fracture toughness K Ic and fracture energy G Ic increased with an increase in temperature from − 24 to − 12°C; this indicates that less potential fracture energy is needed for crack propagation at lower temperatures. Fracture energy and fracture toughness also increased for unnotched samples than for notched samples. In general, a study found that unnotched binders are more resistant to low-temperature cracking than notched binders. In addition, examining the tested samples, it was observed that for unmodified samples, cracks initiated from the bottom of the sample under the load. Whereas for notched samples, cracks propagated from the preexisted cracks upwards.
Statistical Analysis of Displacement in Asphalt Binders.
Several studies have used the analysis of variance (ANOVA) statistic test to determine the significance of laboratory based experimental results [27, 28] . In this study, the ANOVA test was conducted for purposes of determining whether or not there was a statistically significant difference on low-temperature performance of crumb rubber asphalt binders modified with and without silicone oil. Since asphalt binders having lower deflection (u f ) at fracture performed very poorly in the field as regards thermal cracking [4] , this study used load-deflection values from SENB test in statistical analysis. e higher the deflection values, the better the low temperature cracking resistance. SPSS statistical software was utilized to aid the statistical computations at three temperatures − 12°C, − 18°C, and − 24°C, respectively, by applying one-way ANOVA and a t-test and the results of which are presented in Tables 4 and 5 , respectively. Table 4 indicates that the amount of displacement at − 12°C was T (60.54) � 0.001, P < 0.01; whereas at − 18°C, the displacement was T (8.061) � 0.001, P < 0.01; and at − 24°C, displacement was T (− 83.146) � 0.001 (P < 0.01). Since P values <0.01 significance level, the influence of silicone oil on displacement of asphalt samples at different temperatures was found to be statistically significant. Table 5 indicates that the displacement analysis result at − 12°C was F (5.732) � 2.76e − 30 (P < 0.01), whereas that displacement result at − 18°C was F (2.763) � 9.76e − 15 (P < 0.01). Finally, displacement result at − 24°C was F (2.662) � 0.000174 (P < 0.01). Since all P values are significant at <0.01 level, the influence of silicone oil on lowtemperature performance of crumb rubber asphalt is found to be statistically significant.
Standard error (SE) is the estimated standard deviation for the distribution of sample means for an infinite population. e SE values of the estimates of displacement in SENB test were calculated by performing a paired t test. e laboratory test results before and after silicone oil treatment to crumb rubber asphalt were compared. e results found that standard error at three temperatures was not more than 0.00602, as shown in Table 6 . Since a smaller value of the standard error of the mean indicates a more precise estimate of the population mean, the results were considered valid.
Conclusion
In this paper, the effect of silicone oil on dispersion and lowtemperature fracture performance of crumb rubber binder was investigated based on SENB, AFM, and FM tests. Material characterization was analysed by performing the FTIR test. e research was driven by the notion that although CR has succeeded in improving low-temperature performance of asphalt pavements, compatibility between asphalt and crumb rubber still remains a challenge to be solved. As part of an effort to solve the problem and develop sustainable materials, silicone oil was used to improve both rubber particle dispersion in asphalt and low-temperature fracture performance. is study led to following conclusions:
(1) e analysis of molecular structure of silicone confirmed that the material was vinyl silicone oil. Further, the analysis of asphalt modified with silicone oil resulted in generation of new absorption peaks with the main peak having Si-O-Si bond. is bond indicates that silicone oil is a highly hydrophobic material (water repellent) and also has chemical durability which ensures that the silicone oil is applied in asphalt. (2) e morphological images from the FM test revealed that the addition of silicone oil improves the dispersion of crumb rubber particles in asphalt binder matrix. (3) e atomic force microscopy results suggested that surface roughness increases with the addition of silicone oil which implied that there was a change in microstructure of the sample. Moreover, the increase in roughness of the surface implied that bonding of asphalt with rubber particles was enhanced, thereby resulting in improved distribution of rubber particles in asphalt. (4) e addition of crumb rubber to asphalt generally decreased the stiffness of the material at low temperatures. In addition, the study concluded that addition of silicone oil to crumb rubber asphalt resulted in a further decrease of stiffness, thereby improving low-temperature crack resistance. e values of fracture toughness as well as fracture energy indicated that crumb rubber asphalt binders containing silicone oil had superior crack resistance than the one without silicone oil modification. (5) Analysis of variance and t test results confirmed that the influence of silicone oil on displacement was statistically significant. is means that low-temperature performance of a crumb rubber modified asphalt is strongly influenced by the addition of the silicone oil. Advances in Materials Science and Engineering (6) Furthermore, this study concluded that the improvement in low-temperature performance of crumb rubber modified with silicone oil can be captured from two perspectives. Firstly, as indicated by the analysis of stiffness in FTIR and FM, the silicone oil softened the modified crumb rubber asphalt and enhanced the dispersion of rubber particles in the binder. Softening of asphalt improves crack resistance. Secondly, as seen in IR spectrum, the Si-O bond in silicone oil makes it highly hydrophobic (water repellent) and thus could delay the water penetration and subsequent freezing of asphalt binder during water conditioning of samples at low temperature resulting in lower stiffness. (7) e comparison between the notched and unnotched samples indicated that the modulus of the notched binders was lower than that of the unnotched one. In addition, the unnotched asphalt binders containing silicone oil did not break at − 12°C which confirmed the great influence of silicone oil on rubberised asphalt low-temperature performance.
In spite of results obtained in this study, it should be mentioned that the research had the following limitations: the low-temperature performance of crumb rubber containing SO was limited to SENB test. No BBR test was conducted. Future research can incorporate the BBR test and other techniques to better understand the behaviour of asphalt modified with silicone oil.
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